Background. The approved tenofovir disoproxil fumarate (TDF) dose of 300 mg every 48 hours for adults with moderate renal impairment is often confusing and inconvenient. Using a new TDF formulation, we compared the pharmacokinetics of the standard dose with a dose of 150 mg once daily in HIV-infected adults.
Tenofovir disoproxil fumarate (TDF) is recommended as one of the preferred drugs to be used as part of combination antiretroviral therapy (ART) in treatment-naive patients [1] . The approved dose of TDF in adults is 300 mg once daily taken orally [2] . TDF is the oral prodrug of tenofovir (TFV). Following oral absorption, TDF is rapidly converted to TFV, a nucleotide (nucleoside monophosphate) analogue. Intracellularly, TFV is phosphorylated by cellular nucleotide kinase to its active anabolite TFV diphosphate (TFV-DP), which is a competitive inhibitor of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase. TFV is primarily excreted unchanged by the renal route through a combination of glomerular filtration, and active tubular secretion and renal impairment can significantly alter TFV pharmacokinetics [3] . A pharmacokinetic (PK) study of TDF in HIV-uninfected subjects with varying degrees of renal impairment showed that subjects with a creatinine clearance (CrCl) ≥50 mL/minute (calculated using the Cockcroft-Gault equation) had similar plasma exposure to those with normal renal function, whereas subjects with a CrCl <50 mL/minute had significantly higher exposures [4] . A PK model was developed based on these data, and model simulations predicted that TDF 300 mg every 48 hours in patients with CrCl 30-49 mL/ minute would provide similar exposure to that of patients with normal renal function receiving the standard dose. TDF 300 mg twice weekly (every 72-96 hours) was predicted to be adequate for patients with a CrCl 10-29 mL/minute. These TDF dosing interval adjustments for subjects with renal impairment are US Food and Drug Administration (FDA) approved [2] , but have not been clinically evaluated in HIV-infected adults.
Administering TDF every 48 hours can be confusing and inconvenient for patients, especially if other coadministered antiretrovirals are dosed once and/or twice daily. Lower dosage strengths (150, 200, and 250 mg) and formulations (scored tablets) of TDF have recently become available that may facilitate once-daily dosing for patients with moderate renal impairment. We hypothesized that administration of TDF 150 mg once daily to HIV-infected adults with moderate renal function impairment (CrCl 30 to <50 mL/minute) will provide drug exposure comparable to that of the current recommended dose of TDF 300 mg every 48 hours.
It is also important to assess the pharmacokinetics of TFV in the presence of commonly coadministered drugs. For example, lopinavir/ritonavir (LPV/r) is often prescribed with TDF, particularly as part of second-line regimens in resource-limited settings, and concomitant administration can result in a 32% increase of TFV drug exposure [2, 5] .
Our aim was to investigate the plasma and intracellular pharmacokinetics of TFV following a reduced daily dose (TDF 150 mg once daily) vs the current interval adjustment dosing schedule (TDF 300 mg every 48 hours) in HIV-infected adults with moderate renal function impairment receiving either nonnucleoside reverse transcriptase inhibitor (NNRTI)-based or LPV/r-based ART.
MATERIALS AND METHODS

Study Design and Population
This was a phase 1, nonrandomized, open-label, PK study in HIV-infected adults in Thailand (ClinicalTrials.gov identifier NCT01671982). HIV-infected subjects attending routine outpatient clinic visits with moderate renal impairment and already receiving TDF 300 mg every 48 hours as part of NNRTI-or LPV/ r-based ART per standard of care were proposed to participate. The required sample size was 40 adults: 20 subjects receiving TDF plus NNRTI-based highly active antiretroviral therapy (HAART) (group 1) and 20 subjects receiving TDF plus LPV/ r-based HAART (group 2) (see "Statistical Considerations and Sample Size" section). All subjects were receiving TDF 300-mg scored tablets manufactured by the Thai Government Pharmaceutical Organization (GPO). The GPO TDF tablet was demonstrated to be bioequivalent to the original Viread formulation (Gilead Sciences, Inc) and has been approved by the Thai FDA. This study was approved by the Ethics Committees at the Ministry of Public Health, Thailand; Faculty of Associated Medical Sciences, Chiang Mai University; and the local hospital ethics committees.
Screening was performed within 30 days of enrollment. Consenting subjects were screened for eligibility: age >18 years; confirmed HIV-1 infection; receiving TDF 300 mg every 48 hours for at least 2 weeks as part of an NNRTI-based regimen (group 1) or an LPV/r-based regimen (group 2); CrCl between 30 to <50 mL/minute (defined as 2 CrCl determinations calculated using the Cockcroft-Gault equation within 2 weeks of each other, within 1 month prior to entry); and HIV-1 RNA load <50 copies/mL within 6 months prior to entry. Exclusion criteria were concomitant use of atazanavir or didanosine; pregnancy; any of the following laboratory tests within 30 days prior to study entry classified as grade 3 or higher (see Division of AIDS 
Plasma and Intracellular PK Assessments
At study entry (day 0), a 48-hour PK evaluation was performed to evaluate the TDF dose of 300 mg every 48 hours. Following the subject's normal morning schedule of drug intake, a predose blood sample was drawn, after which TDF was administered with breakfast by the study nurse using directly observed therapy, and blood samples were drawn at 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 12, 24, 36, and 48 hours postdose. Peripheral blood mononuclear cells (PBMCs) were also collected at 48 hours postdose for the determination of intracellular TFV-DP concentrations. Immediately after completing the PK sampling, the TDF dose and administration schedule were changed to 150 mg once daily. The TDF 300-mg scored tablet was cut in half to provide the appropriate 150-mg dose. Two weeks later (day 14), subjects had a second series of blood samples drawn identically to those at day 0 over the first 24 hours. A single PBMC sample was also collected 24 hours postdose for determination of intracellular TFV-DP. Once the 24-hour PK sampling was complete, the subjects returned to use the standard TDF dose of 300 mg every 48 hours and were off-study.
Measurement of TFV Plasma and Intracellular TFV-DP Concentrations
Blood samples collected for plasma TFV measurements were centrifuged and the plasma was frozen at −20°C. TFV plasma drug concentrations were measured using a high-performance liquid chromatography assay with fluorescent detection [6] . This method was internally validated; the average accuracy was 99%-102%, and precision (inter-and intra-assay) was <6% of the coefficient of variation. The lower limit of assay quantification is 0.015 mg/L. Plasma samples were assayed at the Program for HIV Prevention and Treatment laboratory at Chiang Mai University. PBMCs collected at the specified time points were isolated, extracted, and stored at -70°C. PBMC extracts were assayed for TFV-DP concentration at the Antiviral Pharmacology Laboratory, University of Nebraska Medical Center, using a previously validated liquid chromatographytandem mass spectrometry assay [7] . Both laboratories participate in the international external quality control program of the AIDS Clinical Trial Group Pharmacology Quality Control (Precision Testing) program [8] .
Pharmacokinetic Analyses
Steady-state TFV plasma concentration data were analyzed using noncompartmental methods (Phoenix, WinNonLin version 6.3, Pharsight, Missouri). Calculated PK parameters included area under the curve of the plasma concentration vs time profile (AUC 0-τ ), maximum plasma concentration (C max ), time to C max (T max ), apparent oral clearance (CL/F), minimum plasma concentration during the dosing interval (C min ), and last concentration measured postdose (C last ). AUC 0-τ is the exposure during a single dosing interval (ie, AUC 0-48 or AUC 0-24 ) and was determined using the linear trapezoidal method. C max , C min , C last (eg, C 48h or C 24h depending on the TDF dosing schedule), and T max were taken directly from the observed concentration-time data. The terminal slope λz was determined from the log-linear portion of the curve. Geometric mean ratios (GMRs) with 90% confidence intervals (CIs) were calculated for within-patient comparisons of PK parameters for every-24-hour vs every-48-hour TDF dosing. Nonpharmacokinetic statistical analyses were performed using Stata software (version 10.1, StataCorp LP, College Station, Texas). Wilcoxon rank-sum tests were used to compare TFV PK parameters between groups. A 2-sided P value of ≤.05 was considered statistically significant.
Statistical Considerations and Sample Size
The sample size was based on ensuring precision in PK parameter estimates. The mean (±standard deviation [SD]) TFV AUC reported in HIV-infected adults is 3.32 ± 1.37 mg × hour/L (coefficient of variation 41.2%) following multiple doses of 300 mg once daily in the fed state [2] . Based on this variability at the standard dose and assuming that average AUC results are approximately normally distributed, to be 95% confident that the TFV AUC sample mean is within 0.66 µg hour/mL (equivalent to 20% precision) of the true mean, a sample size of 17 subjects was required per group. Also, for the within-subjects comparison, 17 patients would provide at least 80% power for the width of the 90% CI for the mean log 10 AUC difference between 48-hour and 24-hour dosing to be <0.2 on the log 10 scale (ie, 90% CI GMR falls between 0.8 and 1.25; assuming a within-subject variance of 0.05). To allow for nonevaluable subjects, 20 subjects were enrolled per group, for a total sample size of 40 subjects.
RESULTS
Subject Characteristics
A total of 40 adults (55% female) were enrolled: 20 subjects in group 1 receiving TDF with an NNRTI and 20 subjects in group 2 receiving TDF with LPV/r. All 40 subjects completed both PK sampling visits. The clinical characteristics of the study population by group at study entry are presented in Table 1 . The overall median age was 56 years (range, 44-65 years), weight 51 kg (range, 38-80 kg), serum creatinine 1.3 mg/dL (range, 0.8-2.1 mg/dL), CrCl 43.9 mL/minute (range, 30.9-49.7 mL/minute) and CD4 count 502 cells/µL (range, 113-1063 cells/µL). Within group 1, 10 subjects were receiving efavirenz and 10 were receiving nevirapine. One subject in group 1 and 2 subjects in group 2 were excluded from the PK analysis due to blood sampling errors.
TFV Plasma Pharmacokinetics: 300 mg Every 48 Hours Versus 150 mg Every 24 Hours
The plasma TFV PK parameters with 300 mg every 48 hours (day 0) and 150 mg once daily (day 14) for group 1 and group 2 are presented in Table 2 . The mean TFV concentration versus time curves following TDF 300 mg every 48 hours and TDF 150 mg once daily for both groups are shown in Figure 1 . Data are presented as median (range) unless otherwise specified.
Abbreviations: 3TC, lamivudine; AUC 0-τ , area under the curve of the plasma concentration vs time profile within a single dosing interval; AUC 0-48h , area under the curve of the plasma concentration vs time profile over 48 hours; CI, confidence interval; CL/F, apparent oral clearance; C last , last concentration measured postdose; C max , maximum plasma concentration; C min , minimum plasma concentration during the dosing interval; GMR, geometric mean ratio; LPV/r, lopinavir/ritonavir; NA, not applicable; NNRTI, nonnucleoside reverse transcriptase inhibitor; TDF, tenofovir disoproxil fumarate; T max , time to maximum plasma concentration. a Calculated as 2 × AUC 0-24 .
The geometric mean AUC 0-48h ratio (GMR) of TFV was 1.00 (90% CI, . No differences in PK parameters between sexes within each group were observed. All subjects in group 1 and group 2 remained virologically suppressed, and no adverse events or serious adverse events were reported during the study.
Comparison of TFV Plasma Pharmacokinetics With NNRTI Versus LPV/r
With the standard TDF dose of 300 mg every 48 hours, TFV exposure was significantly higher with the concomitant use of LPV/r compared with NNRTIs ( Figure 1) (AUC 0-48h , 9 .61 vs 5.76 mg × hour/L; P < .001). The TFV AUC 0-48h , C max , and C last were 67%, 55%, and 75% higher, respectively, with LPV/ r. Similar increases were also observed after subjects switched to 150 mg every 24 hours; the TFV AUC 0-48h , C max , and C last were 52%, 35%, and 42% higher, respectively, with LPV/r compared to NNRTIs. The TFV oral clearance (CL/F) was approximately 40% slower in the presence of LPV/r.
Intracellular TFV-DP Concentrations in Patients With Moderate Renal Dysfunction
The TFV-DP C last with 300 mg every 48 hours and 150 mg once daily for group 1 and group 2 are presented in Figure 2 . The median duration of TDF 300 mg every 48 hours prior to enrollment was 41 weeks (2-280 weeks). No statistically significant difference was found between TFV-DP C last with 300 mg every 48 hours vs 150 mg every 24 hours for either group. Four patients (2 per group) received between 2 and 4 weeks of TDF 300 mg every 48 hours prior to enrollment and therefore may not have achieved steady-state intracellular levels (based on an intracellular half-life of 87 hours [9] ); TDF-DP levels were reexamined without these patients, but the results did not change. Also, no significant difference was observed between TFV-DP C last with NNRTIs compared to LPV/r. With TDF 300 mg every 48 hours, the median TFV-DP C last was 129 (range, 27-945) fmol/10 6 
DISCUSSION
This is the first report assessing alternative dosing of TDF in HIV-infected adults with moderate renal dysfunction. Our data demonstrate that reducing the approved TDF dose of 300 mg every 48 hours in adults with a CrCl between 30 and <50 mL/minute to 150 mg once daily provides comparable exposure over a 48-hour period when receiving an NNRTI-or LPV/r-based regimen. Additionally, as observed in adults with normal renal function, TFV plasma exposure was significantly higher with concomitant LPV/r use. In the package insert of TDF (VIREAD), the mean (±SD) TFV AUC 0-infinity and C max following a single 300-mg dose was 6.01 ± 2.05 mg × hour/L and 0.37 ± 0.16 mg/L in subjects with a CrCl between 30 and 49 mL/minute (n = 8) [2] . These values are similar to those observed in the patients enrolled in group 1 receiving TDF with an NNRTI and a CrCl between 30 and 49 mL/minute following multiple doses of TDF 300 mg . Although several formulas are now available to estimate CrCl, we used the Cockcroft-Gault equation to be consistent with the package insert and have recently shown in a population PK analysis that CrCl estimated using the Cockcroft-Gault equation significantly influenced TFV oral clearance [11] . Based on our results, we can also speculate that further reduced daily doses of TDF may also be an alternative for patients with severe renal impairment (CrCl of 10-29 mL/minute)-that is, 75 mg once daily-but formal PK studies are needed in this patient group.
A drug-drug interaction between TDF and LPV/r is somewhat unexpected, as these drugs are cleared from the body through different pathways (ie, renal extraction for TFV and hepatic extraction for LPV/r). A greater TFV-associated decline in renal function has been reported with protease inhibitors vs NNRTI-based regimens [12] . Indeed, the TFV AUC 0-24 , C max , and C last were observed to be 32%, 15%, and 51% higher in the presence of LPV/r [10] . Another study has found that the renal clearance of TFV was 18% slower in patients with concomitant LPV/r use compared to those receiving no protease inhibitor [5] . We observed a significantly higher TFV exposure among patients receiving LPV/r compared with those receiving an NNRTI, and this was independent of TDF dose. Interestingly, this increase of TFV AUC 0-48 and C max in the presence of LPV/r was approximately 2-fold higher than that previously reported in adults with normal renal function [2] . The mean CL/F of TFV in group 1 was reduced by 40% compared with group 2. Overall, the impact of LPV/r on TFV pharmacokinetics in patients with moderate renal function impairment seems to be higher than in patients with no renal dysfunction; therefore, closer monitoring for drug-related toxicities would be advisable for these patients regardless of TDF dosing interval.
Drug influx/efflux transporters play a key role in the disposition of TFV and may help explain the mechanism of the observed drug-drug interaction. TFV is transported into proximal tubular cells by organic anion transporters located on the basolateral membrane [13] . Three ATP-binding cassette (ABC) transporters-ABCC2 (MRP2) [14] , ABCC4 (MRP4) [15] , and ABCC10 (MRP7) [16] -have been implicated as playing a role in transporting TFV into the urine. A combination of drug transporter interactions between TFV and LPV/r in the kidney tubular cells may contribute to the changes in TFV pharmacokinetics. TDF is also a substrate for the efflux transporter p-glycoprotein, which is highly expressed in the small intestine. Ritonavir is a potent inhibitor of p-glycoprotein [17] , and inhibition of p-glycoprotein in the gut could potentially lead to increased absorption.
In contrast to the plasma TFV concentrations, there was no significant difference in TFV-DP C last between subjects using NNRTI-or LPV/r-based HAART, although the median values with LPV/r were numerically higher. Also, the TFV-DP C last was noted to be higher than that reported in HIV-infected adults with normal kidney function, but the between-patient variability we observed was relatively high. The median TFV-DP concentration 24 hours postdose was 87.2 fmol/10 6 cells in adults with normal renal function (n = 7) receiving 300 mg once daily [18] . However, glomerular filtration rate (GFR) has been shown to be predictive of TFV-DP concentrations, with an 8% increase in intracellular TFV-DP concentration for every 10-mL/minute decrease in GFR [19] . Higher TFV-DP is perhaps reassuring in terms of efficacy, but its consequence on renal tubular toxicity need to be determined. In summary, our data demonstrate that switching TDF to 150 mg once daily in HIV-infected adults with moderate renal function impairment leads to comparable exposure to the current recommended dose of 300 mg every 48 hours. Although the duration of the reduced TDF dose was relatively short, the preservation of virologic suppression and lack of adverse events were reassuring. This daily TDF dose option for this subpopulation of patients may be preferable to simplify their regimen and facilitate drug adherence, but renal function should be continued to be closely monitored in these patients.
Notes
